Heterodyne detection with a local oscillator generated by a diffractive optic provides good phase stability, but suffers from interfering single-beam-bleach signals. This interference is a problem in four-beam transient gratings, but becomes more severe in higher order transient gratings. A simple and low noise method to eliminate this interference is demonstrated in both a four-wave-mixing, first-order-transient-grating experiment and in a six-wave-mixing, second-order-transient-grating experiment.
INTRODUCTION
Heterodyne detection of optical signals has become common in time-resolved nonlinear spectroscopy because it has several major advantages: it increases absolute signal sizes, it separates real and imaginary contributions to the signal, and it gives a signal linear in the population, as opposed to the quadratic signal given by homodyne detection. Diffractive-optics methods, introduced by Maznev et al. [1] and Goodno et al. [2, 3] in the context of transientgrating experiments, make it much easier to meet the phase-stability requirements of heterodyne detection. However, the straightforward application of these methods has the local oscillator passing through the excited region of the sample. The resulting single-beam-bleach signals can be a significant problem [4] [5] [6] [7] .
We have recently introduced what we believe to be a new time-resolved spectroscopy called multiple population-period transient spectroscopy (MUPPETS) that uses six-wave mixing to discriminate between heterogeneous and homogeneous causes of nonexponential decay [8] [9] [10] [11] [12] . MUPPETS can be regarded as the extension of transient-grating spectroscopy to higher order: more than one pair of excitation pulses create the final grating. Second-order MUPPETS, which uses two pairs of excitation pulses, has already been demonstrated experimentally [8] [9] [10] . Theoretical work suggests that third-order MUPPETS, a type of nine-wave mixing, will also be useful [11, 12] . These high-order spectroscopies have smaller signals than four-wave-mixing experiments and have correspondingly stricter demands for eliminating interfering signals and reducing noise.
In this paper, we propose and test what we believe to be a new method of heterodyne detection for transient gratings, both standard and high order. We detect the difference in signals from detectors placed in each of the beams that are conventionally regarded as the probe and local oscillator, although in our configuration, the distinction between these beams disappears. This differentialdetection method suppresses the single-beam-bleach signals that occur when using diffractive optics. Major reductions in noise result from eliminating the need to subtract this large background from the measurements. Additional noise reduction comes from cancellation of pulse-to-pulse fluctuations in the laser power.
Several methods for eliminating the single-beam bleach have already been suggested. Xu et al. [5] chopped the probe beam rather than one of the pump beams, so the single-beam-bleach interference became a delayindependent background. Nonetheless, this large background still contributes to noise in the measurement. Khalil et al. [4] discarded the original local oscillator and used a second diffractive optic after the sample to regenerate it. Kubarych et al. showed that the local oscillator can be temporally displaced before the excitation pulses, if spectral interferometry is used in the detection [6] . Ammend and Blank [7] spatially displaced the local oscillator beam so it did not pass through the excited region of the sample and then recombined it with the signal using additional optics after the sample. These latter methods increase the experimental complexity and spectral interferometry can limit the range of delays used. Our method only requires adding a second detector to a standard system. The single-beam bleach can also be avoided by dropping the use of diffractive optics, but then the advantages of passive phase stabilization and automatic phase matching are also lost.
Ogilvie et al. [13] have demonstrated a two-detector method similar to the one reported here. However, in their report, the method was limited to detecting the real part of the susceptibility, and the theory was only developed for first-order gratings. Our generalization of this idea allows both parts of the susceptibility to be measured, and the theory is extended to any order grating.
Our method can be compared with balanced-detection methods used with an external local oscillator [14] [15] [16] . In those methods, the two detected beams are generated when the external local oscillator is combined with the signal on a beam splitter. The phase is shifted 180°be-tween the two beams, so subtracting the two signals eliminates phase-independent signals. This approach does not transfer to a diffractive-optics setup in a simple way. Our method achieves a similar result with a diffractive-optics local oscillator, although the method of creating the phase shift differs.
EXPERIMENTAL METHODS
The optical setup is shown in Fig. 1 . This apparatus is also described in our previous papers [8] [9] [10] . Pulses at 400 nm were generated by frequency doubling the 800 nm, 50 fs pulse produced from a 1 kHz Ti:sapphire regenerative amplifier system. Transmission gratings that produce three nearly equal intensity diffracted beams (Ϫ1, 0, +1 order) were used. Nine beams were created from one input beam by using two transmission gratings (G1 and G2) oriented with their grooves perpendicular to each other. A set of phase-matched beams for either first-or second-order transient gratings were selected by mask M1. Delay lines were placed before G2, so that both beams of each grating pair were scanned simultaneously. The region between grating G2 and the sample was covered to keep the phase of each pair of beams stable. In the second-order experiment, beams occur at different distances from the centers of the lenses giving rise to spherical aberration. The positions of the meniscus lens (L6 and L8) were adjusted to correct this aberration. Auramine in methanol (ϳ0.3 mM, OD 0.45 at 400 nm), a system we have studied before [8, 9] , was used as the sample. At the sample, the pulse width was 200 fs due to dispersion in the optics, and the energy of each pulse was 200 nJ.
To implement differential detection, unamplified photodiodes with matched RC circuits were placed in each probe beam, and the signals were fed into the differential inputs of a lock-in amplifier. Beam 1a was synchronously chopped so as to block alternate laser pulses (500 Hz modulation). A neutral density filter ͑ND= 1͒ was placed in one of the probe beams to give the conditions needed to detect both real and imaginary components of the susceptibility [Eq. (14)]. To match the time delay between the probe beams, another filter ͑ND= 0͒ of the same thickness was placed in the other probe beam. The phase of the detection was changed by adjusting the angle of this filter slightly. All signals are normalized to the intensity measured on the detector when the excitation beams are blocked and the probe beam is chopped and detected at 1 kHz. To collect the appropriate difference signal, a variable neutral density filter was placed in the stronger probe beam and adjusted to give a zero differential signal when the excitation beams were blocked. This procedure is equivalent to taking the difference of normalized signals [Eq. (7)].
THEORY AND EXPERIMENTAL RESULTS

A. Creation and Detection of Gratings of Arbitrary Order
We begin by considering the creation of a grating of arbitrary order. The excitation consists of N excitations, n =1, . . . ,N, each of which is created by a pair of pulses, j = a , b. Assuming short pulses, the electric fields can be written as
The pulses are assumed to be transform limited, and the phases nj are set so that the electric-field amplitudes E nj are real. Both pulses in a pair have the same frequency n and arrival time t n , but each pulse has its own phase nj and k vector k nj . These fields act on a ground-state solute with a number density to create a change in the groundstate density
The total fluence of the beams, I mj = E mj 2 (in photon/ cm 2 ), has been introduced by absorbing the associated constants into the cross section for creating each grating m . The density change decays with an nth-order correlation function C ͑n͒ , which depends on n time intervals, n = t n+1 − t n . For simplicity, this time dependence will not be displayed hereafter. The first and last terms in parentheses in Eq. (2) represent spatially uniform bleaches due to a single excitation beam; the second and third terms are true mth-order gratings created by pairs of pulses. More detailed discussions of the correlation functions, groundstate versus excited-state gratings, and the appropriate values of the cross sections are found in our other papers [11, 12] .
These gratings are probed by two pulses designated by n = N + 1 and j = a , b. These pulses are conventionally described as probe ͑a͒ and local oscillator ͑b͒, but in the setup used here, where both pulses pass through the sample and both pulses are detected, there is no a priori distinction between them. These pulses create a nonlinear polarization
Whereas the cross sections only contain contributions from ground-state absorption and excited-state emission, the molecular linear susceptibility also contains contributions from excited-state absorption and from the index of refraction [12] . We assume that the probe beams are arranged to phase match the desired Nth-order grating
but to not phase match any of the other gratings created in the sample. However, the single-beam-bleach terms are always phase matched and cannot be eliminated in any phase-matching pattern. The resulting polarization envelope in the direction of the b-probe beam is
where the total phase of the Nth-order grating is
The first term in Eq. (5) represents the single-beam bleaches; the second term is the grating. Other interactions of the local oscillator with the excited sample are smaller, higher order terms. The single-beam bleach is a special problem because it is as large or larger than the desired signal.
B. Standard Detection
The standard method for detecting the grating is to put a single detector in the b-probe beam, chop one of the pump beams, and measure the modulated signal. Here beam 1a is taken as the chopped beam for specificity leading to a normalized signal
(Square brackets are used to denote signal processing conditions rather than functional dependence.) In the second equation, we have neglected weak homodyne terms. The length of the sample is L. Using the polarization in Eq. (5) gives the single-detector signal,
͑8͒
As expected, the phase of the experiment ⌽ can be varied to measure different components of the susceptibility in the Nth-order grating, but the single-beam bleach depends only on the absorptive component of the susceptibility and is independent of phase. The component of the grating measured can be selected by manipulating the phase of any beam in the experiment [Eq. (6)].
In the case of a first-order grating, the sizes of the single-beam bleach and the grating are approximately equal. In addition, the correlation function for each term is the same for N = 1, so the consequences of not completely separating these terms are not great. However, for a higher order grating, these consequences are more severe. Contamination of a multiple-time correlation function with the single-time correlation function would lead to a misinterpretation of the results. Moreover, because the saturation of the transition is typically small, n I n Յ 0.1, the single-beam interference will be much stronger than the desired grating signal.
A common way to discriminate between these terms is to use their differing phase dependence by adding or subtracting two scans whose phase differs by 180°,
The addition yields the single-beam bleach (as well as various other interfering signals not explicitly considered here). The subtraction isolates the grating term,
͑10͒
These ideas are illustrated in Fig. 2 . Fig. 2(B) ]. Adding and subtracting in-and out-of-phase signals separates these two components [ Fig. 2(D) ], but the subtraction of the large single-beam bleach introduces significant noise into the second-order grating signal. Drift in the amplitude of the signal can also cause systematic errors in the subtraction. Because interpreting MUPPETS data depends on measuring differences between the first-and second-order correlation functions, eliminating this potential error is critical.
C. Differential Detection
The purpose of this paper is to propose and test differential detection as an alternative to phase modulation. The key insight comes from Eq. (6): changing the roles of a and b is identical to a change in sign of the phase. A detector is placed in each of the two probe beams, and the difference in the normalized signals is taken to yield the differential signal,
͑11͒
Equation (8) gives the differential signal as
As expected, the single-beam bleach is eliminated. An interesting result is that the relative contributions of the real and imaginary parts of the susceptibility (Ј and Љ, respectively) depend not only on the phase but also on the relative intensities of the two probe beams at the sample. In particular, if the intensities of the two probe beams are equal at the sample,
͑13͒
Only the real part of the susceptibility is measured regardless of phase. For a first-order grating, Ogilvie et al. [13] have derived this result and used it in experiments. Equation (13) extends the same idea to gratings of arbitrary order. This configuration is valuable because it is difficult to determine the absolute phase ⌽, and thus, it is difficult to cleanly separate the susceptibility into real and imaginary terms. Here, the real part can be isolated by only matching beam intensities and without determining the absolute phase.
In the opposite limit, where the a-probe beam is much stronger than the b-probe beam,
This result is identical to phase modulating the signal [Eq. (10)]. The potential utility is threefold. First, phase modulation typically involves subtracting scans taken minutes apart, whereas differential detection is done on every individual laser shot. As a result, differential detection is much more effective in eliminating noise and drift from the single-beam-bleach signal. Second, noise in the probe-beam intensity I N+1 is cancelled, as shown by the term under the radical. Third, differential detection and phase modulation can be combined to provide increased discrimination against the single-beam bleach or other phase-independent interferences. In practice, the limit I a ӷ I b only needs to be strictly enforced, if the contributions of the real and imaginary parts of the susceptibility need to be exactly equal. Any significant mismatch in intensities will make both parts readily detectable. In our experiments, we use I a =10I b , which is quite practical and introduces only a 22% reduction in the size of the imaginary part relative to the real part.
The results of differential detection are shown in Fig. 3 and can be compared with standard detection in Fig. 2 . The in-phase and out-of-phase signals show good symmetry in both the first-order [ Fig. 3(A) ] and second-order [ Fig. 3(B) ] gratings. Upon addition and subtraction, the first-order signal [ Fig. 3(C) ] shows excellent suppression of the single-beam bleach. The single-beam bleach is also greatly suppressed in the second-order grating [ Fig. 3(D) ], although some phase-independent signal remains. Some of this signal is due to the first pulse pair acting twice to generate a six-wave-mixing signal. This signal is not well phase matched but is not completely suppressed in the current geometry. Phase modulation is still necessary, but the elimination of the large single-beam bleach makes it a more stable process.
The aim of the differential detection was to reduce the noise and drift associated with subtracting a large singlebeam bleach. The final signal in the second-order grating is shown with and without differential detection in Fig. 4 . The reduction in noise is substantial.
An important consideration in differential detection is that we have assumed that the two probe beams sample the excited region of the sample in exactly the same way. Due to the beam crossing angle, the beams cannot completely overlap over their entire path through the sample. The beam shapes and intensity distributions can also have minor asymmetries, so when the overlap is not complete, one probe beam will sample the excited region more effectively than the other. However, by carefully positioning the sample cell along the beam path, the asymmetries before the crossing will cancel the asymmetries after the crossing. After the beam crossing is optimized through a pinhole, the cell is initially placed with the pinhole position at the center of the cell. The difference signal is adjusted to zero using the variable neutral density filter with the probe beams coming before all excitation pulses. In the six-beam experiments, the probe is placed between the two excitations and small adjustments (a fraction of the 1 mm path length) of the sample position are made to minimize the signal due to beam shape asymmetries. This effect is illustrated in Fig. 5. 
SUMMARY
This paper has demonstrated a new method of heterodyne detection of transient gratings generated by diffractive optics. This method avoids the conventional picture of distinct probe and local oscillator beams, but rather treats both probe beams equivalently. In particular, both beams are detected, and the differential signal is measured. The intensity changes in the two probe beams prove to be equivalent to heterodyne signals taken with and without a 180°phase shift in the local oscillator. To measure both absorptive and dispersive components of the grating, the probe-beam intensities must be made unequal at the sample, but rematched at the detectors. This method eliminates interferences from single-beam-bleach signals and reduces noise from probe-beam intensity fluctuations. Both advantages are useful for standard transient gratings, but are even more important for higher order transient gratings, such as those that are used in MUPPETS experiments. 
